Introduction {#sec1}
============

In recent years, commercial Ti and its alloys have been applied in orthopedic fixation, prosthesis, oral implants, and other medical devices due to their excellent biocompatibility, low elastic modulus, and long-term stability.^[@ref1]−[@ref3]^ However, insufficient osseointegration and the lack of antibacterial capabilities increase the chance of implant failure, which represents a major challenge for the application of titanium-based implant devices.^[@ref4]^ To improve the biological performance of Ti implants, different surface modification methods have been applied, including sandblasting processing, acid etching, alkaline treatment, plasma spraying, oxidization, and so on.^[@ref5],[@ref6]^ Among the above methods, the alkali-heated treatment is most commonly used for preparing micro/nanoporous microstructures with a high surface area to improve the cytocompatibility^[@ref7]^ and corrosion resistance^[@ref8]^ of titanium implants.

Electrostatic self-assembly is a technique based on the successive adsorption of polyanions and polycations on the surface of a material through electrostatic interactions. This technique is a flexible, simple method for a functionalizing surface^[@ref9]−[@ref12]^ to combine two or more desirable properties of biomaterials. Our previous studies have indicated that heparin/collagen self-assembly coating could improve blood compatibility and cytocompatibility of titanium.^[@ref13],[@ref14]^ Moreover, the thickness and the degradation of this coating could influence these biological properties of a titanium surface.^[@ref15]^

In addition to cytocompatibility, bacterial infection is another focus of implant construction, which can lead to implant failure and high costs. The method for endowing implants with antibacterial property involves combining implants with antibacterial substances containing antibiotics (e.g., gentamicin and vancomycin), antiseptics (e.g., chlorhexidine), and metals (e.g., gold and copper).^[@ref16]−[@ref19]^ Silver and silver nanoparticles (AgNPs) have long been used as antibacterial agents in the application of dental/orthopedic materials,^[@ref20],[@ref21]^ wound dressings,^[@ref22]^ and food packaging^[@ref23]^ due to their antibacterial activity against a broad spectrum of bacteria and low bacterial resistance. There are many ways to incorporate silver nanoparticles onto a titanium surface to obtain antibacterial properties, including sputtering deposition, coating carrier method, plasma immersion implantation, etc.^[@ref24]−[@ref26]^

Dopamine can form polydopamine coatings on various surfaces by oxidative self-polymerization,^[@ref27]^ while exposed functional groups (e.g., catechol and amine) could be used for secondary reactions with covalent graft biomolecules,^[@ref28]^ in situ reduction of metal ion,^[@ref21],[@ref29]^ and chelation of Ca^2+^ ions to form a mineralized layer.^[@ref21],[@ref30]^ Several studies have shown that the dopamine coatings could enable chelation of Ag^+^ and reduce them to form Ag^0^, which is an effective way to obtain antibacterial ability, but the cytotoxicity of silver should be considered.^[@ref21],[@ref30]^ In addition, dopamine can induce mineralization to enhance the osteoblast compatibility.^[@ref21]^

In this report, we synthesized a silver-loaded composite coating via polyelectrolyte electrostatic self-assembly as well as reduction of silver with dopamine. Poly-**[l]{.smallcaps}**-lysine (PLL) can enhance its interactions with cells through electrostatic interactions and promote cell adhesion.^[@ref31]^ Sodium alginate (SA) has been extensively applied in tissue engineering^[@ref32]^ and drug delivery systems^[@ref33]^ to improve antibacterial properties by incorporating antibacterial agents (e.g., quaternary ammonium). We prepared PLL/SA/PLL (PSP) polyelectrolyte coating on an alkali heat-treated titanium surface to improve cytocompatibility, then the coating was modified with a polydopamine in the dopamine solution, and finally in situ reduced Ag^+^ to form AgNPs on the surface by immersing samples in AgNO~3~ solution ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The results indicated that incorporating the PSP coating could improve cytocompatibility; the AgNP-modified surface possessed an excellent antibacterial effect and low cytotoxicity. However, this coating could promote mineralization and then improve cytocompatibility greatly. This design enabled the preparation of a silver-loaded composite coating by a simple method (dip coating) and provided the implant surface with antibacterial ability and induced mineralization, which could be potentially valuable for dental- and orthopedic-related applications.

![Schematic illustration for each step.](ao0c00986_0001){#fig1}

Results and Discussion {#sec2}
======================

Surface Physicochemical Characterization {#sec2.1}
----------------------------------------

The main driving force for electrostatic assembly on the surface is the surface charge reversal that happens after each deposition procedure. Thus, the surface zeta potential (SZP) of the different surfaces was measured. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, the SZP value of the pure titanium (Ti) was 6.43 mV and it was −5.4 mV after alkali-heat treated titanium (pTi) because the alkali-heat treatment produced a large number of hydroxyl groups on the surfaces.^[@ref15]^ The SZP value was changed with the charge of the polyelectrolyte layers deposited on the surface. Moreover, we investigated the effect of immersion time of different Ti plates in polyelectrolyte solutions on the SZP. The results indicated that the negative potential of pTi/PLL/SA or the positive potential of the pTi/PLL and pTi/PSP for immersion for 12 h was more than that of them for immersion for 15 min. Compared with the short immersion time, the surface may achieve steady-state conditions with a long immersion time, which indicated that an immersion time of 15 min may not be the best time for the traditional layer-by-layer electrostatic self-assembly. After the coating immersing in dopamine solution for 1 h, the positive potential of pTi/PSP/DA was lower than that of pTi/PSP, which may attribute to dopamine nanoparticles possessing a small amount of negative charge (−3.25 mV; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). In addition, the SZP value of pTi/PSP/DA/Ag became negative after the deposition of reduced AgNPs onto the pTi/PSP/DA surface, which is due to the silver nanoparticles possessing a negative charge (−22.35 mV; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C). These results provide proof that the PSP polyelectrolyte, dopamine, and silver were feasibly deposited on the alkali-heat treated titanium surfaces.

![(A) Surface zeta potential (SZP) of different surfaces. (B) Zeta potential of dopamine particle. (C) Zeta potential of AgNPs.](ao0c00986_0002){#fig2}

Scanning electron microscopy (SEM) was used to study the morphology of the surface after each surface modification step. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, a uniform nanoporous surface with many struts (pTi) was formed by alkali-heat treatments. After the polyelectrolyte coating build-up process, a portion of the pore space was filled, indicating that the PSP layer was successfully coated. After dopamine deposition, some spherical nanoparticles appeared on the surface of Ti/PSP, which may be due to the oxidation polymerization of dopamine. After AgNP deposition (pTi/PSP/DA/Ag), a large number of dopamine spheres decreased in size and formed a porous membrane-like structure on the surface due to the cross-linking reaction between dopamine spheres; meanwhile, AgNPs were distributed on the surface of dopamine spheres with a size of ∼20--30 nm. Because the porous structure is important for osseointegration, the immersion time for dopamine modification was set to 1 h to prevent the formation of the blend film. Some studies indicated that antibacterial ability and cytotoxicity could be controlled by adjusting the immersion time of modified Ti in the silver solution.^[@ref34]^ In this study, an immersion time of 30 min for pTi/PSP/DA/Ag was used, which was expected to obtain the antibacterial ability and acceptable osteoblast compatibility with a low toxic effect. The above results demonstrated that the Ag-loaded composite coating (pTi/PSP/DA/Ag) was successfully prepared on the porous titanium surface.

![SEM images of pTi, pTi/PSP, pTi/PSP/DA, and pTi/PSP/DA/Ag.](ao0c00986_0003){#fig3}

To further confirm the chemical composition of different surfaces, X-ray photoelectron spectroscopy (XPS) analyses were performed. The wide scan spectra are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A. The decrease in the Ti 2p peak intensity and the presence of the N 1s peak in pTi/PSP suggested that PLL and SA were successfully incorporated onto the titanium surface. The presence of the Ag 3d peak in pTi/PSP/DA/Ag suggested that silver was successfully incorporated onto the surface. To illustrate that dopamine was incorporated onto the surface, N 1s ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B,C) peak fittings were further performed. Compared to that in the high-resolution spectrum of pTi/PSP ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B), one peak in the N 1s spectrum of pTi/PSP/DA at ∼402.54 eV disappeared ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C), which was consistent with the formation of CO-NH groups in the PLL, illustrating that dopamine was successfully incorporated onto the surface. The high-resolution spectrum of Ag ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D) showed two peaks and centered at the binding energies of 367.4 and 373.4 eV, attributed to Ag 3d~5/2~ and Ag 3d~3/2~, respectively, because the polydopamine with catechol and nitrogen functional groups can reduce Ag^+^ to Ag^0.[@ref35]^ The characteristic surface plasmon resonance (SPR) peaks of AgNPs were at λ~max~ = 400--500 nm.^[@ref36]^ The UV--vis spectra of dopamine, AgNO~3~, and a mixture of dopamine and AgNO~3~ are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E. Neither dopamine nor AgNO~3~ solution presents an absorbance peak position. However, a mixture solution of dopamine and AgNO~3~ has a strong absorption at 450 nm, indicating that the Ag^+^ in the solution was reduced to Ag^0^ and formed AgNPs.^[@ref37]^

![(A) XPS wide scans of the different surface. High resolution of N 1s of the (B) pTi/PSP and (C) pTi/PSP/DA surface. (D) High-resolution of Ag 3d of the pTi/PSP/DA/Ag coating. (E) UV--visible spectrum of different solutions.](ao0c00986_0004){#fig4}

Semiquantitative results of the surface chemical elemental on different surfaces are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. As each step of the reaction proceeded, the titanium content continued to decline, illustrating that the titanium substrate was gradually covered. Compared with that in pTi, the nitrogen contents in pTi/PSP and pTi/PSP/DA were increased because of the high proportion of nitrogen in PLL and dopamine. The presence of the Ag content confirms the successful in situ reduction of Ag onto the coating.

###### Surface Chemical Elemental Composition of the Sample (atom %) was Obtained by XPS

  coating         C       N      O       Ti      Ag
  --------------- ------- ------ ------- ------- ------
  pTi             29.55   0.95   51.28   18.22    
  pTi/PSP         49.92   7.99   32.31   9.78     
  pTi/PSP/DA      56.58   9.05   29.16   5.21     
  pTi/PSP/DA/Ag   56.54   8.98   26.43   3.67    4.39

Water contact angle (WCA) measurements were used to assess the wettability of different surfaces. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, the WCA value of Ti was 80 ± 2°. Compared with that of Ti, the value for pTi decreased significantly to 5 ± 3°. After polyelectrolyte coating functionalization (pTi/PSP) and dopamine modification (pTi/PSP/DA), the contact angle increased significantly to 15 ± 2° and 21 ± 2°, respectively. The WCA of pTi/PSP/DA/Ag was 23 ± 2°, and there was no significant difference in the surface hydrophilicity between pTi/PSP/DA and pTi/PSP/DA/Ag. It is speculated that the surface with small size and low-coverage of AgNPs made the surface expose numerous dopamine, which was in agreement with the SEM results. The WCA measurements provided additional proof that the polyelectrolyte, dopamine, and AgNPs were successfully modified on the titanium surface, and the Ag-loaded surface was hydrophilic.

![(A) WCAs of different surfaces. (B) The silver mass was released into PBS every 3 days, and the cumulative release into PBS was sustained for 27 days. (C) SEM image and (D) EDS spectra of the mineralized surface of pTi/PSP/DA/Ag (pTi/PSP/DA/Ag-M).](ao0c00986_0005){#fig5}

Silver Release {#sec2.2}
--------------

In the silver release profile of pTi/PSP/DA/Ag ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B), a sharp release of Ag from the coating occurred in the first 6 days, and then, the silver release tended to stabilize at ∼2 μg every 3 days. The results showed that the cumulative release of silver in the first 6 days was equal to that in the next 21 days, and the maximum silver concentration released was far below 10 mg/L, which is toxic lever to human tissue.^[@ref38]^

Mineralization of the Coating {#sec2.3}
-----------------------------

The pTi/PSP/DA/Ag samples were incubated with simulated body fluid (SBF) for 1 week to simulate the interaction between the body fluid and sample surface during the early postoperative period. The surface morphology and composition of mineralized pTi/PSP/DA/Ag (pTi/PSP/DA/Ag-M) were obtained by SEM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C) and energy-dispersive spectroscopy analysis (EDS) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). The SEM image shows the mineralized products covering the surface, which is similar to another study about dopamine inducing surface mineralization.^[@ref30]^ The atomic composition was analyzed using EDS and shows that the mass fractions of Ca and P were 21.9 and 12.7%, respectively, which suggested that the mineralization happened on the surface of pTi/PSP/DA/Ag. Zhang et al. reported that the dopamine-modified surface could promote mineralization^[@ref7],[@ref21]^ because electrostatic and coordination interactions occurred between Ca^2+^ and phenolic hydroxyl groups, further attracting PO~4~^3+^ to form mineralized products. The Ca/P atomic ratio of the mineralized surface was ∼1.35 and lower than the theoretical value of pure hydroxyapatite of ∼1.67, indicating that the mineralized products were Ca-deficient.^[@ref39]^ Because the CaP mineral is an excellent bioactive material, we speculated that the cytocompatibility of pTi/PSP/DA/Ag could gradually be improved by the surface mineralization during the early postoperative period.

Antibacterial Property {#sec2.4}
----------------------

Biomaterial-related infections caused by bacterioplankton around the implant and adherent bacteria on the implant surface commonly lead to implant failures and even alveolar bone loss. Owing to the broad spectrum bactericidal ability of Ag, the Ag-loaded coating was expected to present vigorous antibacterial activity. The reduced AgNPs could be released into the medium in the form of Ag^+^ to destroy bacteria and prevent bacteria proliferation. The zone of inhibition (ZOI) test was used to assess the inhibitory ability of the surface toward *Streptococcus mutans* (*S. mutans*) and *Staphylococcus aureus* (*S. aureus*) around samples. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A, the results showed that the pTi/PSP/DA/Ag surface exhibited a clear ring (no bacteria around the sample), indicating that AgNPs inhibited growth or killed bacteria around them. To monitor the growth of the bacteria incubated with the sample in the medium, the optical density was measured using a microplate reader at 660 nm, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B. Because the optical density (OD) value was positively correlated with the number of bacteria in the suspension, this result showed that only the Ag-loaded coating could completely inhibit proliferation of *S. aureus* and *S. mutans* after 24 and 48 h of incubation. These two methods are used to prove that the pTi/PSP/DA/Ag surface inhibits the growth of bacteria around them.

![ZOI tests of different samples against (A) *S. aureus* and *S. mutans* and (B) histogram of bacterial proliferation.](ao0c00986_0006){#fig6}

Because bacteria adhering on the surface of an implant are key factors leading to biomaterial-associated infections, functional modification can inhibit the adhesion of bacteria on the surface. Therefore, two methods were used to observe the number of bacteria on different surfaces. (i) A commercially available kit for live/dead bacteria staining was utilized to evaluate the viability of bacteria in situ after 24 h of cultivation. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A shows that massive numbers of bacteria adhered to pTi, pTi/PSP, and pTi/PSP/DA; meanwhile, few bacteria adhered to pTi/PSP/DA/Ag, and the number of dead cells (red) was higher than that of live cells (green) on pTi/PSP/DA/Ag, indicating that silver could restrain bacterial adhesion and kill adherent bacteria. (ii) After 24 h of cultivation, bacteria adhered on each surface of the samples were dispersed in phosphate-buffered saline (PBS) solution and then recultured on agar plates to indirectly observe the number of live bacteria on the modified Ti surface. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B, many bacterial colonies were observed on the surface of pTi, pTi/PSP, and pTi/PSP/DA, but no bacterial colonies were found on pTi/PSP/DA/Ag. The above results verified that the silver-modified surface could inhibit bacterial adhesion and kill the adherent bacteria.

![(A) Fluorescence micrographs of *S. aureus* and *S. mutans* on different surfaces after incubation for 24 h, visualizing live (green) and dead (red) cells. (B) Bacterial CFUs on different surfaces.](ao0c00986_0007){#fig7}

In dentistry, periodontitis or peri-implantation inflammation caused by bacterial infection may cause tooth/implant loss.^[@ref40],[@ref41]^ During dental implant placement, bacterial adhesion and biofilm formation are difficult to remove by systemic antibiotics.^[@ref42]^ Then, the bacteria can invade the bloodstream and lead to underlying life-threatening general infections, tissue damage, and even infective endocarditis.^[@ref43]^ Therefore, there are many antibacterial strategies to avoid biofilm formation by preventing bacterial adhesion or killing them in the early stage. The antibacterial results showed that the pTi/PSP/DA/Ag surface inhibited bacterial adhesion and killed adherent bacteria on the surface to reduce the risk of pathogen colonization on the implant surface; meanwhile, bacteria around the implant were killed by the released silver ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B) to prevent bacterial infection from the surrounding soft tissue. The antibacterial activity could protect the implant in the early postoperative period.^[@ref44]^

Cytocompatibility Assessment {#sec2.5}
----------------------------

The facile method provides a stable antibacterial coating with controllable Ag release for preventing infection; then, the cytotoxicity of the surface needs to test. Osteoblasts have an important impact on bone modeling and remodeling; thus, we investigated whether the coating could affect mouse osteoblast-like cell line (MC3T3-E1) adhesion and proliferation via fluorescence staining of cells and MTT assay.

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the adherent osteoblasts on various samples through cytoskeletal actin staining by rhodamine 123 after seeding for 12 h, 1 day, and 3 days. The total number and morphology of cells on the different surfaces were observed. More cells adhered to the pTi/PSP surface than to the pTi surface, indicating that the porous structure with polyelectrolyte coating-favored cell adhesion. The number and size of osteoblasts adhered to the pTi/PSP/DA/Ag surface was obviously less than to the other surfaces due to the cytotoxicity of AgNPs. However, the adherent cells on the surface of pTi/PSP/DA/Ag exhibited good spread and most surfaces of that were covered by cells after culturing for 3 days. Meanwhile, the mineralized surface (pTi/PSP/DA/Ag-M) exhibited good osteoblast compatibility because the number of adherent osteoblasts on this surface was more than that on the pTi surface. After culturing for 3 days, the morphology of the adherent cells on these surfaces exhibited active polygonal and pseudopodia-like structures, indicating that the cells maintained good cellular activity.

![Fluorescence images of live cells cultured on the modified samples after 12 h, 1 day, and 3 days.](ao0c00986_0008){#fig8}

The MTT assay was performed to assess cell proliferation of MC3T3-E1 on different surfaces and is shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. Compared with other groups, the surface of the pTi/PSP exhibited higher cell viability, which suggested that polyelectrolyte coating was beneficial to cell adhesion and proliferation. After AgNP modification, the viability of cells significantly decreased, indicating that the pTi/PSP/DA/Ag surface had a cytotoxic effect. However, the mineralized surface (pTi/PSP/DA/Ag-M) exhibited a significantly higher cell proliferation rate than the pTi, which was in agreement with the results of fluorescence staining.

![MTT viability test of MC3T3-E1 cells cultured for 12 h, 1 day, and 3 days.](ao0c00986_0009){#fig9}

Taken together, the above results indicated that the polyelectrolyte coating (pTi/PSP) exhibited excellent cellular activity for cell adhesion and proliferation. Though pTi/PSP/DA/Ag did not initially support cell adhesion, the AgNPs did not cause severe cytotoxicity due to the significant cell proliferation on this surface. It is speculated that the Ag-loaded amount was at a low level. In addition, the mineralized pTi/PSP/DA/Ag coating could greatly enhance the cytocompatibility.

The main cause of implant failure is peri-implant inflammation associated with bacterial invasion, which then results in bone absorption around the implant and ultimately leads to loosening of the implant. The purpose of the modification surface is to make the material antibacterial and cytocompatibility property. Antibacterial properties take priority. The AgNP-modified surface could protect the implant from bacterial infection, while the balance between antibacterial activity and cytocompatibility needs to be considered due to the cytotoxicity of silver.

The hydrophilic surface is advantageous for cell adhesion and proliferation, which impacts the first stage of initial osseointegration.^[@ref45]^ Here, excellent hydrophilicity of the surfaces of pTi, pTi/PSP, pTi/PSP/DA, and pTi/PSP/DA/Ag ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) was obtained. Through electrostatic assembly, the surface cytocompatibility of pTi/PSP was better than that of pTi, presumably because there were many amino groups in PLL, which could electrostatically interact with the cell membrane (negative charge).^[@ref46]^ In addition, the polyelectrolyte coating did not cover the porous structure, which increased the surface area and benefited cell adhesion. Dopamine nanoparticles were combined onto the polyelectrolyte coating and formed porous film and reduced Ag ions to form AgNPs. The results of osteoblast compatibility showed that the coating of pTi/PSP/DA/Ag did not support osteoblast adhesion at first due to the toxicity of silver, but it did not inhibit the cell proliferation, which suggested that the Ag-loaded amount on the surface was at a safe level. Furthermore, when pTi/PSP/DA/Ag was immersed in SBF for 7 days, mineralization happened by inducing a mineral from SBF to deposition on the surface and then greatly improving osteoblast compatibility.

Conclusions {#sec3}
===========

The composite coating of polyelectrolyte, dopamine, and AgNPs was successfully prepared on a porous titanium surface. AgNPs with sizes of 20--30 nm were bound onto dopamine particles. The release of Ag lasted for at least 27 days. After incubation with *S. aureus* and *S. mutans*, pTi/PSP/DA/Ag could prevent bacterial adhesion and colonization. The composite coating had mild cytotoxicity to prevent cell adhesion, but this coating could induce mineralization on the surface when incubated in SBF and then exhibited good cytocompatibility. Thus, we concluded that the silver-loaded coating could prevent bacterial infections and facilitate mineralization *in vivo* in the early postoperative period, and then, the mineralized surface exhibit good cytocompatibility. This design could be a potentially valuable application for antibacterial dental- and orthopedic-related applications.

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

Commercial pure Ti plates (10 mm × 10 mm × 2 mm) were purchased from Baoji Nonferrous Metal Co., Ltd. (Shanxi province, China). Sodium alginate (SA), ε-poly-**[l]{.smallcaps}**-lysine (PLL) (MW \< 5000), dopamine (DA), Tris--HCl, and silver nitrate were purchased from Sigma-Aldrich. Trypsin--EDTA solution, α-minimum Eagles medium (α-MEM) for cells culture, penicillin and streptomycin, and fetal bovine serum (FBS) were purchased from Gibco.

Fabrication of the Composite Coating {#sec4.2}
------------------------------------

Titanium plates were polished with SiC abrasive papers in the order of increasing grid (600, 800, 1000, 1200, 1500, and 2000 grit) and cleaned ultrasonically for 15 min in successive baths in acetone, anhydrous ethanol, and deionized water. Ti plates were immersed in 2.5 M NaOH solution at 60 °C for 12 h to form a porous surface and were denoted as pTi. The pTi samples were in turn immersed in the 5 mg/mL PLL solution, 5 mg/mL SA solution, and 5 mg/mL PLL solution for 12 h each; after every polyelectrolyte adsorption steps, the samples were rinsed with deionized water and were labeled as pTi/PSP. Then, the samples of pTi/PSP were immersed in an aqueous solution containing 1 mg/mL dopamine and 1.5 mg/mL Tris buffer for 1 h to form dopamine coating and were marked as pTi/PSP/DA. Finally, samples of pTi/PSP/DA were immersed in silver nitrate solution (AgNO3, 4 mg/mL) for 30 min to form AgNPs and were denoted as pTi/PSP/DA/Ag.

Surface Characterization {#sec4.3}
------------------------

The surface zeta potentials (SZP) of different samples were obtained by a zeta potential analyzer coupled with a surface zeta potential electrode (NanoBrook-90Pus PALS, Brookhaven, USA). Instead of Ti plates, titanium foils (7 mm × 4 mm × 0.2 mm) were used to adapt to shapes of an electrode in potential measurements. After different treatments, the titanium foils were attached a sample holder via a double-sided adhesive tape and then were immersed in a standard solution with 0.025 mg/mL BI-ZR51 and 1 mM KCl (pH = 7, 37 °C). By measuring the zeta potentials of the standard solution at a range of known distances from the sample surface, a linear relationship between zeta potential and distances was built and the SZPs of different surfaces were obtained based on the linear relationship at a distance of zero. Besides, polydopamine nanoparticles and AgNPs were collected separately by centrifugation from the aqueous solution containing dopamine (1 mg/mL)/Tris buffer (1.5 mg/mL) and silver nitrate solution (AgNO~3~, 4 mg/mL) and then were dispersed in deionized water (pH = 7) by the ultrasonic processing. Then, the zeta potentials of polydopamine nanoparticles and AgNPs were determined by the zeta potential analyzer.

The morphologies of the surface-modified samples were observed through scanning electron microscopy (SEM; Hitachi S-4800).

Elemental compositions were characterized by an XPS (Thermo ESCALAB 250) instrument equipped with an Al Kα X-ray source (1486.6 eV photons) that was utilized to analyze data at a pass energy of 100 eV; at the same time, high-resolution scans of 30 eV pass-through energy were utilized to obtain detailed component compositions. The C 1s peak at 284.8 eV was used to calibrate the system. In this process, the investigation depth was limited to 10 nm by setting the takeoff angle to 45^○^. Quantitative analysis and XPS spectra were fitted using the XPS peak software.

The water contact angle (WCA) was measured by using deionized water in a contact angle measurement machine (Chenghui JGW-360A China) at room temperature. The absorption of ultraviolet--visible light was measured by a UV--vis spectrophotometer (Shimadzu TU-1800 Japan).

Mineralization of the Coating {#sec4.4}
-----------------------------

To study the mineralization performance of the as-prepared surface, samples of pTi/PSP/DA/Ag were incubated in 2 mL of simulated body fluid (SBF; pH = 7.5). The samples were placed in a shaker incubator at 37 °C with 100 rpm, and the SBF was changed daily. After incubating for 7 days, these samples were removed and rinsed heavily with deionized water for 10 min and denoted as pTi/PSP/DA/Ag-M. The morphology and chemical element composition of the samples surfaces were investigated by SEM and energy-dispersive spectroscopy (EDS), respectively.

Silver Release {#sec4.5}
--------------

To study the release capacity and release profile of silver from the Ag-loaded coating, pTi/PSP/DA/Ag was immersed in 2 mL of PBS solution on an orbital shaker at 37 °C for up to 27 days. The solution was collected at different periods (i.e., on days 3, 6, 9, 12, 15, 18, 21, and 27) and replaced with a fresh PBS solution. The concentration of released Ag was tested by inductively coupled plasma atomic emission spectrometry (ICP-AES Perkin-Elmer Corporation Optima 7300 DV).

Antimicrobial Test {#sec4.6}
------------------

The antibacterial properties of the samples were evaluated using two oral microbes, including *S. mutans* and *S. aureus*. Bacteria were cultivated in the BHI medium at 37 °C overnight in an incubator. The bacterial suspension was diluted to achieve a final concentration of 10^6^ CFU/mL.

The zone of inhibition (ZOI) was used to determine the bacteriostatic effect of the sample on bacteria. The solid medium agar plate surface was spread with 70 μL of bacterial suspensions, and the sample to be tested was placed face down on the agar plate and then incubated for 24 h at 37 °C. In addition, samples were incubated in 2 mL of bacterial suspensions at 37 °C. After 24 and 48 h of incubation, 150 μL of bacterial suspension was removed for optical density measurements at 660 nm (OD660) using a microplate reader (Bio-tek MQX200). The method was assessed as an inhibition of the local bacterium growth around the modified Ti.

The bactericidal ability of different samples was observed using the CFU counting method and live/dead bacteria assay. The samples were incubated in 2 mL of bacterial suspensions at 37 °C. After incubation for 24 h, (i) each sample was removed and ultrasonic and vortex processing were performed with PBS. Then, microliters of the PBS solution was diluted 1000-fold with PBS. Then, 100 μL aliquots were recultured on agar plates to count CFUs at 37 °C for 24 h. (ii) The sample was rinsed gently with PBS to remove unattached bacteria, stained with the LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen, Carlsbad, CA) for 10 min in a dark room, and observed using a fluorescence inverted microscope (Leica, Germany).

Cell Culture and Cytocompatibility Assessment {#sec4.7}
---------------------------------------------

To evaluate cytocompatibility, the mouse osteoblast cells were cultured at 37 °C and a 5% CO~2~ incubator in α-MEM supplemented with 10% FBS and 1% penicillin--streptomycin. The culture medium was changed every 2 days.

Cells were seeded with at a density of 1 × 10^5^ cells/mL on the surface of the sample in a 24-well plate. After incubating with the sample for 12 h, 24 h and 3 days, 40 μL of the MTT reagent was added to each well and reacted for 3 h. Samples were removed and placed in a new 24-well plate, 200 μL of DMSO solutions was added to each well followed by reaction for 10 min, 150 μL of mixed solution was transferred to a 96-well plate, and the absorbance was detected using a microplate reader (Bio-tek MQX200) at 490 nm. In addition, at each point in time, another sample of every group were removed and rinsed with PBS. The cells were fixed with 1% glutaraldehyde for 2 h. Then, rhodamine 123 was used to stain the cells for 10 min in the dark, and then, samples were observed with a fluorescence microscope.

Statistics {#sec4.8}
----------

The data represent the mean ± standard deviation (*n* = 3) and were assessed by one-way analysis of variance (ANOVA) for the determination of significant differences between test groups. Statistical differences were marked as asterisks (\*) for mean statistically significance set at *p* \< 0.05 in the figures.
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